Controlling acoustic streaming in an ultrasonic heptagonal tweezers with application to cell manipulation Bernassau, Anne; Glynne-Jones, P.; Gesellchen, F.; Riehle, M.; Hill, M.; Cumming, D. R. S. General rights Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
INTRODUCTION
Techniques that allow the manipulation of cells and micro particles by non-invasive means are highly desirable so as to enable biological applications such as microarrays [1] and tissue engineering [2] . Non-invasive techniques exploiting the acoustic radiation forces have been demonstrated for trapping [3] [4] [5] [6] [7] [8] [9] [10] , separating [11] [12] [13] [14] [15] and rotating particles [16, 17] . In a standing wave field, the radiation force drives the particles into acoustic pressure nodes or/antinodes depending on their acoustic contrast factor [18] . However, other unwanted ultrasound-induced effects may disturb the distinct and precise manipulation or aggregation of suspended 2 particles. Acoustic streaming is one such phenomenon, characterised by time dependant flow patterns caused by the absorption of acoustic energy at both the boundaries of the device and in the bulk of the fluid. Three types of acoustic streaming [19] [20] [21] can affect the particle handling: Rayleigh streaming [22] , Schlichting streaming, and Eckart streaming [23] . Rayleigh streaming creates vortices on the scale of λ/4 [24] , moving the particles away from the pressure nodes and therefore influencing particle trapping [25] . Schlichting streaming can occur together with Rayleigh streaming, and forms a vortex with a thickness comparable to the viscous penetration depth at the boundary of the device. In contrast to Schlichting and Rayleigh streaming, which are driven by absorption in the viscous boundary layer, Eckart streaming is caused by the absorption of the acoustic energy in the bulk of the fluid [26] . It has been shown that Eckart streaming can be minimised by reducing the size of the resonator or by designing a resonator containing acoustically transparent foils [7, 25] .
Acoustic streaming in a microsystem is often viewed as a negative side-effect that needs to be minimised. For example, for cell patterning and engineering, acoustic streaming will affect the positioning of the cells, possibly preventing the cells from adhering to the surface upon which they are growing. In our work [27] [28] [29] [30] , standing waves were created by interference of two propagating waves. Substantial disturbance of particle manipulation within the acoustic nodes was observed. The particles were constrained to nodal lines, but were driven along those lines by apparent streaming. Under these conditions, it was difficult to pattern particles in a reliable manner.
In this paper, we show that Eckart streaming is the mechanism causing the disturbance and that it is highly dependent on the height of the liquid contained in the cavity. The streaming can be greatly diminished if the depth of the liquid in the cavity is reduced. We present a quantitative study of the Eckart streaming that occurs in a heptagonal particle-manipulating device, also known as a "sonotweezer", and examine the case when two transducers are excited simultaneously. In order to precisely characterize the particles' behaviour we performed computer image analysis using particle image velocimetry (PIV) of the particle movement as a function of time.
We have developed a finite element model of the Eckart streaming and have used it to confirm that this is the mechanism for the generation of streaming in the device, and to identify the regions where the driving force is strongest. It is found that the acoustic streaming is dependent on the depth of the sonotweezer cavity, and this phenomenon has been studied in detail by adding an agar layer at the bottom of the heptagonal cavity to vary the liquid depth without modifying the acoustic field. Agar has acoustic properties similar to water and does not change the acoustic wave interference patterns [31] . In this manner, the amount of liquid inside the cavity of the device was modified without disturbing the acoustic properties of the device. Agar was also found to be a highly 3 convenient filling material as it can be easily added and removed. In the newly configurable device that we present here, we are able to almost completely eliminate the effect of streaming so as to we create a large working area for a range of physical and biological experiments.
II. EXPERIMENTAL METHOD
The sonotweezers were made by bonding 5 x 5 x 0.5 mm NCE51 Noliac Ceramic lead zirconate titanate (PZT) The characterisation and the influence of the excited transducers has been investigated and discussed elsewhere [27] . It was found that when two transducers were excited particles were trapped along lines perpendicular to the bisecting vector of the normal to the planes of the transducers (Fig. 2) . The combination where the activated transducers were adjacent to each other was shown to be less effective in trapping than the combination where at least one inactive transducer separates the active transducers. Adjustment of the relative phase difference between the active transducers allowed controlled movement of the position lines of particles in the direction of the bisecting vector. In this paper two transducers (1-3) as shown in Fig. 2 were activated. The activation of the two transducers results in a field that has an array of linear traps in the centre of the cavity. The field pattern shown in Fig. 2 was obtained using a simulation based on 2D lines of point sources that sum up to form plane waves according to
Huygen's principle [27] . 
III. FINITE ELEMENT MODELLING

A. Radiation Force
The Huygen's principle based method used to obtain Fig. 2 is not capable of modelling the streaming effect. In order to simulate streaming we require a detailed finite-element model for the acoustic fields. In order to develop such a model we must adequately describe the acoustic properties of the aqueous media.
When a particle is in an acoustic standing wave, the non-linear phenomenon of acoustic radiation causes a timeaveraged force to act upon it, forcing the particle to either trap at the pressure node or antinode, depending on its acoustic contrast factor. The primary radiation force acting on a particle in an acoustic standing wave field was determined by King [32] and more generally by Gorkov [33] , Eq. 1 [34] :
where V is the volume of a sphere located at position r within an acoustic field, characterized by its time averaged kinetic and potential energy densities (Ekin and Epot respectively). The energy density terms are weighted by functions of the compressibilities (βp and βf) and densities (ρp and ρf) of the particle and the surrounding fluid respectively.
The primary force is strongly dependant on the particle size and frequency, thus as the particle diameter or frequency increase, the acoustic force increases rapidly. Most commonly found solid particles and cell types will be forced to the pressure nodes by the primary acoustic force, whereas, due to their low density and compressibility, lipid particles are moved towards a pressure antinode [35, 36] .
When multiple particles are trapped in a standing wave, they not only experience the primary acoustic force, but also forces that are due to the scattered waves from the other particles. These inter-particle forces [37] are called secondary acoustic radiation forces. The secondary acoustic forces between two particles, Eq. 2, can be expressed in a simplified form [38] :
where a is the radius of the particle, d the distance between the particles and θ is the angle between the centre line of the particles and the direction of the propagation of the incident acoustic wave. The first term of Eq. very small, such as in aggregation and sedimentation [39] .
When an acoustic wave is present, acoustic streaming will also be occur, which will induce a Stokes drag force.
The Stokes drag force can be expressed:
 a
where a is the radius of the particle, µ the shear viscosity coefficient of the medium, and ν the particle speed.
B. Acoustic Streaming
Acoustic streaming has been introduced by Lighthill [26] and based on early Nyborg and Westervelt's [40, 41] work. Eckart streaming can be express in terms of Reynolds stress, using an averaging operation over the Möller et al. [42] used the gradient of a function of the velocity field to find Fj. This required sufficient mesh density was to resolve the variation of the Reynolds stress over the period of the standing wave, and sufficient numerical accuracy to allow cancellation of the periodic components of the Reynolds stress. In contrast, the approach used in this work, by using the intensity formulation, tolerates a lower mesh density since the average Reynolds stress does not vary over the spatial period of a wavelength. By so doing we are able to reduce numerical complexity need to model a device with a size that is many wavelengths across.
A 2-dimensional finite element model was developed using COMSOL software. The simulation has two steps:
initially, a linear acoustic step calculates the first order acoustic wave field within the manipulation device; then, a Navier-Stokes, creeping flow, step models the induced motion of the fluid, using the results from the first step to calculate the acoustic intensity field, and hence the Reynolds driving force. In the first step, the walls of the chamber are modelled as radiation boundary conditions to mimic the energy lost into the structure. While in practice a certain amount of reflection is expected, experiments show that this effect is small compared to the radiation forces generated from wave travelling directly from the transducer. The model exploits the symmetry of the problem, allowing only half the physical domain to be modelled. An incident pressure field was added to the boundary where the transducers were present to represent the excitation. Fig. 2 shows the amplitude of the modelled acoustic pressure field. Given the low velocities found in the experiments, it is sufficient to model the fluid in the creeping-flow regime. The effect of fluidic drag from the bottom surface of the chamber was modelled by adding a drag term to the Reynolds stress body force that corresponded to the fluidic resistance of an open channel. Fig. 4(a) shows the directions of the Reynolds stresses predicted by eq. 4, and Fig. 4(b) the resulting fluid motion. As can be clearly seen, both the interference pattern and streaming motion is modelled. 
IV. RESULTS AND DISCUSSION
In the original, all liquid filled device, substantial particle movement was observed when the acoustic field was activated, and this was ascribed to streaming effects. It was found that the vortices that were created interfered significantly with the patterning of cells in the device. Under the influence of the streaming, the particles were driven along the lines of pressure nodes in which they were trapped (see Fig 4. ). No transverse movement was observed across the lines. Because of the streaming it was difficult to form stationary patterns of particles using the original, unmodified, sonotweezers device.
Although we highlight applications for our device for cell manipulation, the experiments in this paper demonstrate manipulation with polystyrene micro-particles which have a more uniform size distribution. Our experience shows that 10 m diameter polystyrene particles are a reasonable surrogate for many mammalian cells. This is supported by Augustsson et al [43] who present data for the acoustic contrast factor of a mesencephalic cell line finding contrast factors in the range 0.03 to 0.11 compared to the acoustic contrast factor for polystyrene micro-particles of 0.17 [44] . Since the acoustic force is proportional to the particle volume the smaller polystyrene particles are thus likely to experience forces of the same order of magnitude as the cells. At higher intensities ultrasound can create physiological effects, however several studies have investigated viability (a) (b)
and gene expression at intensities sufficient for manipulation in the MHz regime and found no observable changes even over extend periods of culture [45] [46] [47] [48] .
PIV experiments, described below, were used to produce Fig. 5 that shows that the circulation observed agrees qualitatively with the two counter-rotating streaming patterns predicted by the modelling (Fig. 4(b) ). It is interesting to note that the majority of the Reynolds stresses are developed in the region where the plane-waves from the two transducers interfere. From the model we predicted that reducing chamber height would have the dual effect of reducing the amount of liquid experiencing the Reynolds stresses, and also increase the amount of viscous drag per unit volume of fluid that results from the boundary layer above the base of the device. We therefore conclude that an experimental implementation of the structure will lead to improved device performance. In order to reduce the effective liquid depth, hence device volume, the cavity was partially filled. It was found that agar, having acoustic properties similar to those of water [31] , is a good material for this function as it does not disturb the acoustic patterning capability of the device. Agar is also biocompatible, allowing cells or other biological material to be manipulated without harm, in the cavity. The performance of the devices was studied in detail using PIV. All the PIV experiments were performed using 
respond to the bulk acoustic forces. In this manner, we are able to use the behaviour of the differently sized particles to observe the effect of changing the cavity liquid depth on streaming. Exactly as for the experiment with results shown in Fig. 6 , four depths of liquid were examined for their effect on Eckart streaming.
The concentration of particles in the DI water was the same for all the experiments and was approximately 4.5 x 10 6 particles/mL. Only one particle size was introduced to the device at any time. The concentration of particles into the DI water was selected to allow the trapping of a small number of particles, and to avoid the formation of large aggregates that are seen at higher concentrations. The sonotweezers device was placed on to a microscope stage under a 5x magnification objective lens (BX51, Olympus UK Ltd, UK). High resolution movies were acquired using a CMOS camera (ORCA-flash 2.8, Hamamatsu, UK). The movies were acquired in grey scale, at a rate of 45 frames/ s for 5s. Two movies, imaging two different areas of the trapping zone, were captured to ensure the reproducibility of the measurement process. The data is summarised in Table I and Fig. 8 . The velocity measurements for 10, 6 and 1 µm showing the maximum velocity of the constrained particles in the trapping region (Fig. 3) . The 10 and 6 µm particles are constrained and move along the nodal lines, and their movement is determined by contributions from both radiation forces and streaming drag forces. However, due to their small size the motion of 1 µm particles is predominantly determined by the acoustic streaming field, with little contribution from the radiation forces. It can be seen that with smaller volumes of liquid, the average of velocity of the particles decreases dramatically.
It can be seen that the average particle speed due to streaming is highly dependent on liquid height, with a very sharp reduction at the smallest depth. In going from no agar to 0.6 ml of liquid, the particle streaming is reduced by more than a hundred fold. Agar can be used as a possible solution to reduce the amount of liquid involve in the ultrasonic tweezers when the cavity cannot be physically reduced. It allows diminution of the acoustic bulk waves and thus allows excellent patterning of the cells.
Furthermore, measuring the acoustic field directly is difficult in this device since inserting a hydrophone will significantly distort the field. While numerical models give good predictions of field shapes, they are of limited value in predicting magnitudes since the amount of damping and absorption of energy that is transmitted into the device structure is very hard to predict or measure. In order to estimate the order of magnitude of the acoustic pressure, we examined the movement of 10 μm beads at 5 locations within the device using microscopy. The pair of transducers was excited at a frequency of 4 MHz and 8 Vpp. Beads velocities were in the range of 28 μm/s. The Stokes drag force, given by the Eq. 3 gives the acoustic radiation force required to produce the motion, we deduce that the acoustic pressure amplitude was approximately 71 kPa.
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V. CONCLUSION
We have presented a method for reducing the amount of streaming in a counter-propagating wave type acoustic manipulation device whilst preserving the strength of the desired acoustic pattern. Finite element modelling has been shown effective in recreating the mechanism that leads to strong Eckart streaming in the region where the counter-propagating waves meet. The requirement in this type of device for transducers to be much larger than the required fluid volume (in order to avoid edge effects, and flexural modes) makes it hard to reduce the fluid volume of the cavity. However, the method we have devised overcomes this by the use of an agar gel deposited in the chamber. This method allows for the large manipulation area required in our application where cover slips are introduced into the tweezers. The agar has acoustic properties that are very similar to those of water, thus reduces the active region without disturbing the required acoustic resonance. This has been shown to reduce the unwanted streaming effects by two orders of magnitude to the point where they are negligible, enabling considerably improved cell patterning over a range of many wavelengths.
